Abstract-The
I. INTRODUCTION
T HE 12 GeV Upgrade Project at Jefferson Lab [1] consists of an upgrade to the accelerator and four experimental halls A, B, C, and D. In Hall B, The CEBAF Large Acceptance Spectrometer (CLAS) is upgraded to CLAS12 and optimized for detection of multi-particles in the final state. The CLAS12 Torus magnet is based on six superconducting coils arranged around the beam line allowing uniform coverage of a large angular and momentum range of produced particles. The toroidal configuration offers a field that is always transverse to the particle trajectory, and a field-free region around the target, allowing operation of polarized targets. The magnet was designed by JLab, and wound and potted by Fermilab (FNAL). This is a brief summary of the Torus features, and an update on the magnet portion of the project, expected to be completed in 2016.
II. MAGNET DESIGN

A. Magnet Parameters
The Torus consists of six coils arranged as a single electrical circuit (series connection) and cooled by supercritical helium at 4.6 K, also in a configuration of a single circuit. The coils are all mechanically connected to the central (cold) hub, and con- nected to each other via hex beams (completing the hexagon), two beams per sector downstream (DS) and upstream (US) with respect to the electron beam that runs through the hub aperture. The hex beams carry the elements to make the hydraulic and electrical connections between coils, it also contains re-coolers (counter flow circuit) that removes the heat loads to a 1 atm helium circuit, ensuring thermal symmetry among the six coils. All coils and hex beam represent a single vacuum space. Major magnet parameters are given in Table I , further details of the magnet design are covered in [3] .
B. Coil Pack Design
The individual coils are housed in an aluminum case that is approximately 2 × 4 × 0.05 m. Each of the coils consists of 234 turns of SSC outer cable soldered into a C-shaped copper stabilizer, total length per coil of ∼2000 m, wound as a twolayer pancake, Fig. 1 . The conductor is insulated with 0.08 mm fiberglass tape. Between the coil pancakes there is a 0.38 mm thick sheet of G10. The ground insulation between the conductor and copper cooling tubes or copper foil varies but has a minimum of 4 layers of 0.18 mm glass cloth. Each coil is conductively cooled by supercritical helium supplied at 4.6 K from cooling tubes located on the coil inner diameter. Two layers of 0.635 mm copper are soldered to the cooling tubes and surround the coil, providing the main path for conduction-cooling. Using conservative heat loads from the 80 K shields to the coils, and conduction through supports, the minimum estimated temperature margin is 1.6 K (with a heat load conservatively estimated as 6 W per coil.). The coil is vacuum impregnated separately and is then positioned and potted a second time in its aluminum case. Further details of the coil design are given in [4] .
C. Mechanical Supports
The entire torus cold mass is supported by 3 axial supports (beam direction), 4 vertical supports, 2 lateral out-of-plane supports (OOPS), and 24 coil OOPS supports. The coil OOPS take out the sag in the coil due to gravity and react any out of plane forces due to misalignments. The OOPS design consists of a fiberglass tube epoxied to a set of bellows. The bellows maintains vacuum and allows the OOPS to move during cooldown (Fig. 2) . The assembly includes a load cell connected to the DAQ so that the out of plane force seen by each coil is always known.
The axial and vertical support are stainless steel links connecting the cold mass to the vacuum jacket. The vertical supports take the entire gravity load for the 25 Ton cold mass, while the axial supports react any loads in the beam direction due to misalignments or seismic motion.
D. Quench Protection
Various quench scenarios were analyzed and the worst case was determined to be a single coil quenching and dissipating the energy internally (self-protection). In that case the hot spot temperature is 60 K, and 75 K for the coil alone without including the thermal capacity of the aluminum case [5] . During such an event all other coils are driven normal by the current decay once the dump resistor is connected, with 50% of the energy being extracted to the resistor, and maximum terminal voltage during such a quench is < 500 V. Quench detection is by voltage taps located at either side of the splices between coils. The protection is designed for fast discharge or controlled ramp down depending on the class of fault.
E. Coil-to-Coil Splices
The coils are electrically connected via soldered joints that are conduction cooled through copper braids mounted directly onto the liquid helium re-coolers. A reliable low resistance elec- trical joint was designed involving the soldering of an additional rectangular-section of copper stabilizer to the conductor. The splice design tooling, and subsequent practices, aimed at preventing the Sn 60 Pb 40 solder (which holds the SSC cable into the copper channel) from re-flowing during the splicing operation. An aluminum fixture was designed to hold the conductor and copper stabilizer during the soldering process. The actual splice between the two coils, and a section view of a test splice, are shown in Fig. 3 . The resistance of the joint was measured at 4.2 K to be 1.1 × 10 −9 Ω in high field, consistent with the entire joint being in the normal state [6] .
F. Thermal Shields
The coil case is shielded from the vacuum jacket by a 3 mm thick 80 K thermal shield. The shield is actively cooled by liquid nitrogen circulating through tubes welded to the shield. The shield is supported off of the coil case by bumpers and thin walled support arms. The shield is constructed of Al-6061 with Al-1100 strips epoxied to the shield at maximum temperature regions in the shield (Fig. 4) . The 6061 provides mechanical strength to the shield while the 1100 strips add additional cooling where needed. The shield has been segmented to reduce the effects of eddy currents due to a rapid discharge of the magnet coils [7] . The shield installation, along with MLI, is part of the activities carried out at JLab in the Cryostat Factory (see Section IV below).
III. COIL FABRICATION
Because of the large size of the coils, FNAL had to develop new tooling and processes to support coil production operations. Conductor provided by JLab was initially cleaned, inspected, its length measured, and insulated before winding the coils into a double pancake configuration. Extensive QA was used to determine the integrity of the coils and additional copper stabilizer was added to the leads before an initial Vacuum Pressure Impregnation (VPI) in a sealed mold. The impregnation procedure was designed, and qualified, for proper degassing, and to prevent outgassing of the epoxy during impregnation. The temperature of the coil and of the mold was driven and maintained through resistive heating of the coil itself (power supply). Temperature uniformity was guaranteed through sensors along the mold. Copper heat shields were then soldered to the impregnated coil before moving on to a second impregnation step within the aluminum coil case. After the second impregnation, the coil case modules had their cooling tubes formed before shipment to JLab. A full description of the fabrication route is given in [8] , while Fig. 5 shows the general layout for the winding process.
IV. CRYOSTAT FACTORY
After finished coils passed their receipt inspection at JLab, they were fully instrumented with temperature sensors and strain gages in preparation for an 80 K cold test [9] , which was part of the Cryostat Factory task. The aim of this test was to verify the integrity of the coil's electrical insulation at cryogenic temperatures as well as to confirm the efficacy of the CCM's conduction cooling methodology. The Factory was responsible for designing all the tooling needed to cryostat the Cold Coil Masses (CCMs). An additional constraint was the compressed assembly schedule which was mitigated by breaking up the work into three work pipelines which could be fed simultaneously, Fig. 6 shows the factory layout. Special attention was taken in scheduling the pipelines to avoid conflicts in the common material handling fixtures. The other key was pre-assembly of as many components as possible.
Consistent with the program risk mitigation approach of practicing every quality or schedule-critical procedure, the Factory practiced cryostating a full-scale empty coil case, which was later disassembled and returned to FNAL for use on a production CCM. This early practice allowed refinement of the assembly procedures and construction time estimates.
V. INSTALLATION
A. Installation Approach
Installation in the hall was based on the "spit" method. Since a completed magnet cannot be brought into the hall, it has to be assembled from its smaller components (ship-in-a-bottle philosophy). Fig. 7 illustrates the approach. Individual coils are brought into the hall already cryostated, except for the opening where they attach to the hub. A coil is attached to the hub, then the hex beams are attached to the previous coil before the next coil is brought in and attached to the hex beams. The sub-assembly can be freely rotated around the hub so that critical operations, such as making splices or welding pipes in the hex beams, can always be performed in a convenient location and orientation, improving quality and safety. The process of "flying" a coil for attachment to the hub is shown in Fig. 8 . 
B. Quality Control During Installation
Given the complexity of assembling the Torus magnet within the hall from its components, it was important to pay special attention to the in-process QA checks. Although not an allinclusive list, the QA checks fall into three major categories: a) Electrical, b) Leak and pressure checks, and c) Survey.
Each time a coil-to-coil splice is made in the hall, a roomtemperature resistance measurement is taken (for point measurement for the splice, and lead-to-lead for the entire coil). At that point, the inductance is measured by the variable frequency method, with extrapolation to the DC value. Finally, a hipot to ground test is done for the insulation of the splice. Likewise instrumentation checks are carried out routinely at the completion of each hex beam fitting, and each time the coils are rotated. Leak checks are carried out for each weld and braze in the hydraulic circuit, and in the case of aluminum welds or brazes, a liquid nitrogen cold shock is also introduced. Pressure tests are performed at the completion of a circuit, followed by a final leak check. Surveys for alignment are also carried out after attaching each coil to the hub, and a global survey was done at the completion of the hexagon.
C. Status and Remaining Work
As of Q3/2015, all six coils and twelve hex beams have been installed (Fig. 9) . Coils are electrically connected, all in-process electrical QA steps passed, all hydraulic circuits have been completed, leak-checked and pressure tested. The vacuum jacket segments have all been tack-welded. Remaining scope to completion is to make the interface to the cryoduct (current.helium feeder), as well as complete fabrication and installation of the cryo service tower.
VI. POWER SUPPLY, INSTRUMENTATION & CONTROLS
The Torus magnet is instrumented extensively, a total of 130 temperature readings are processed through the DAQ, while a total of 86 load cells and strain gages monitor the status of the supports and the OOPS loads.
The Torus control system has two components, the Magnet Protection System (MPS) and the PLC control system. The MPS ensures the magnet is protected under a number of fault conditions (liquid level, current lead temperature, vacuum, quench). It is hard wired, and no general purpose computers, PLCs or network devices are involved in its decision-making process. A trip of any device in the MPS loop automatically opens the dump contactor in the power supply, discharging the magnet through the dump resistor. The selection of devices to include in the MPS was driven largely by the FMEA (Section VII below). The PLC control system is based on an Allen Bradley series 1756 ControlLogix PLC. Rockwell Automation software is used to program the PLC and view the status of the running PLC program in real-time. EPICS is used as an operator interface, alarm handler and archiving system.
The power supply is a Danfysik 8500 rated at 4000 A/6 V, with integrated dump resistor (124 mΩ). The quench protection system is redundant, one being incorporated within the Danfysik power supply, hard-wired and with a trigger threshold of 100 mV, the other running through the Fast DAQ to the PLC, where an independent logic can trigger the switch.
VII. RISK MITIGATION APPROACH
The risk mitigation approach was based on an FMEA analysis carried out for each phase of the implementation: design, fabrication, installation, and commissioning [10] . Nearly 400 risk items were identified, categorized, and ranked; mitigation avenues were investigated for all, and implemented when warranted, either because the risk was deemed high, or implementation was easily achieved.
During the installation phase for instance, some of the mitigations actions stemming from the FMEA included: a) Extensive use of mock-ups and practices for all quality-critical activities (splices, etc.), b) Development of written procedures, before and in conjunction with the practices, c) Safety and risk-awareness meetings prior to each critical operation, or each time the tenor of the installation process would change, d) Extensive use of inprocess QA checks, e) Detailed weekly planning of installation activities in the hall.
VIII. COMMISSIONING PLAN
The CLAS12 Torus magnet commissioning calls for a series of gateway reviews prior to system start-up. These reviews, a pressure systems safety review (code compliance), and an Experiment Readiness Review (ERR), dealing with all other safety aspects for electrical and cryogenic systems, as well as the magnet itself, are planned for early 2016. Commissioning will proceed with vacuum pumping of the vessel, pump and purge of the cryogenic system, cooldown, magnet energization, and field mapping. Each one of these phases in the commissioning will take about a month, so that magnet commissioning should be complete by summer 2016.
